In this work, we present a new strategy to engineer novel self-healing ionomers, namely, zwitterionic polymers, and a comprehensive analysis of their mechanical, viscoelastic, and scratch-healing properties. This new method enables reproducible damage of the polymer surfaces, calculation of the scratch volume through tactile profile scans, and quantification of the self-healing efficiency. Based on the results of the scratch tests and complementary rheology, differential scanning calorimetry (DSC), thermogravimetric analysis (TGA) and hardness tests, new trends, and structure-property relationships can be identified.
Introduction
One of the most important challenges in state-of-the-art research is the development of materials with multiple functions and stimuli responses 1, 2 . In modern polymer science, the boundaries of chemistry and material science are becoming blurred. This combination of knowledge is a great opportunity to develop materials with more efficient and sustainable performance. In recent years, a large number of new methods for the synthesis of self-healing synthetics have been developed [3] [4] [5] . Polymers are particularly suitable for such approaches due to their versatility in structure and function. Within this context, selfhealing polymers can generally be subdivided into extrinsic and intrinsic healable materials 6 . Extrinsic systems utilize external healing agents, whereas intrinsic selfhealing materials contain functional groups or crosslinks in a network that can be reversibly activated through a stimulus, such as light or heat 7 .
One major advantage of intrinsic approaches is that damage can be healed multiple times in the same area due to the reversible nature of the crosslinks, whereas external healing agents are consumed during the curing process 8 . Since the dynamic connections in the network of the polymer form an equilibrium, the cleavage and reconnection can be controlled by external stimuli 9 . In most cases, heat is the trigger for the reaction. This trigger is convenient to apply and further induces mobility in the material, which supports the closing of cavities. However, the equilibrium may also be affected by other environmental conditions, such as (light) irradiation, humidity, pH value or catalytic agents 3 . Depending on the intended application, an appropriate functional group and reaction type for an intrinsic self-healing polymer is selected, thereby predetermining the nature of the trigger. This chemical toolbox contains various approaches, such as the incorporation of reversible covalent linkers (e.g., Diels-Alder (DA) reactions 10 and imines 11 ) or supramolecular compounds (e.g., hydrogen bonds 12 and ionic interactions) [13] [14] [15] [16] [17] . For further insights into self-healing polymers with dynamic covalent bonds, interested readers are kindly referred to a recent review 3 . Among the intrinsic self-healing materials with supramolecular interactions, ionomers feature some unique properties compared to other systems 18 . Ionomers can be assigned as a class of polymers with up to 20% ionic groups in the chemical structure 19 . Usually, acidic groups, e.g., carboxylic acids or phosphates, are integrated as functional groups to serve as precursors for ionic moieties 20 . The monomers are readily available or accessible from commercial sources without extensive synthetic procedures, enabling more sustainable and straight-forward production. After modification of the functional units, the ionic groups, which are usually located in the side-chains of the polymer, form aggregates and crosslinks in the polymers. The thermoreversible interactions are also referred to as multiplets or clusters and result in a restricted mobility region around the aggregates 21 . In most cases, this structural change results in a higher glass transition temperature (T g ) and enhanced mechanical properties compared to the corresponding neutral polymer 22 . The Eisenberg-Hird-Moore model described this theoretical concept in the early 1990s 23, 24 . The dynamic nature of the physical crosslinking in ionomers through the ionic groups allows processing the polymer (at elevated temperatures) while maintaining toughness and mechanical properties. Thus, one can classify these materials as thermoplastic elastomers 19 .
The commercial potential for ionomers was recognized in the 1960s by DuPont, who commercialized polyethylene containing low amounts of functional groups with zinc or sodium carboxylates under the name of Surlyn®, which is currently the most studied ionomer for self-healing applications 25, 26 . Neutralized poly(ethyleneco-methacrylic acid) is able to heal damage after ballistic puncture 27 . The high energy of the projectile dissipates heat around the edges of the damaged site, which triggers an elastic response of the surrounding material, increases the mobility and enables the material to flow and close the cavity. The mechanical integrity is restored through a rearrangement of the ionic clusters 28 . Varley et al. demonstrated the influence of the ionic content on the healing and physical properties of the polymer 25 . Generally, a high content of ionic groups leads to increased plastic behavior and less elasticity. Lower mobility is disadvantageous at lower temperatures, whereas lower mobility benefits the viscoelastic properties at elevated temperatures and in the melt state 25 .
In addition to the described studies of polyethylenebased ionomers, only a few other ionomers with highmechanical stability have been investigated in terms of their self-healing ability [29] [30] [31] [32] [33] . For example, Bose et al. 34, 35 performed extensive rheological studies for poly(butyl acrylate)-based ionomers and found correlations between their network dynamics and self-healing behavior. In our previous work, we demonstrated the healing capabilities of ionomers containing carboxylate and phosphate groups in different polymeric systems 36 .
In this study, we present the synthesis and detailed investigation of zwitterionic polymer networks with selfhealing behavior to gain a deeper understanding of the healing, mechanical and chemical properties of these supramolecular self-healing polymers. The investigation includes an assessment of the viscoelastic properties, the mechanical hardness and a new reproducible and quantifiable approach towards sophisticated scratch-healing tests that can be extended and applied to many other materials. The new method allows imaging of scratches through tactile profile scans and subsequent calculations of a three-dimensional (3D) image of the surface and the scratch volume under the surface. This method is a first step towards the investigation of "real-life" scratches, i.e., scratches that show a more complex damage pattern (e.g., fish-scale pattern). The presented results describe a comprehensive analysis of the structure-property relationships of zwitterionic polymers with particular attention to the surface healing behavior.
Polyzwitterions, also known as polybetaines, contain positive and negative charges in the functional groups of the polymer. The ionic groups are usually distributed along the main chain or in the side-chains of the polymer 37 . Polyzwitterions are a class of materials with a multitude of possible structures and synthetic approaches 38 . The synthesis of water-based reactions and hydrogels with a high-ionic content is conventionally realized by polymerization of the ionic monomers 39, 40 . However, the combination of hydrophobic comonomers can be difficult in view of the solvent and the reactivity of the polymerizable units. In these cases, a neutral copolymer can be synthesized and subsequently functionalized by addition reactions to introduce the ionic groups 41, 42 . Although the materials often have hydrophilic characteristics due to their strong Coulomb interactions, in particular with high-ionic contents, polyzwitterions otherwise behave more like nonionic polymers rather than conventional polyelectrolytes 38, 43 . One of the most common applications is zwitterionic hydrogels, which can be responsive to environmental conditions, such as the pH value, temperature or salt content [44] [45] [46] . It is also possible to combine different effects in one material, such as shape-memory and moisture sensitivity or even selfhealing 44, 47, 48 . The corresponding applications range from biomedical materials and antifouling surfaces to dispersants and stabilizers 37,49-51 .
Materials and methods
A detailed description of the synthesis and characterization of all materials can be found in the Supporting Information.
Results and discussion
In this work, a series of zwitterionic copolymers containing sulfobetaine moieties as functional groups is prepared and characterized. The ionomers contain varying contents of ionic groups between 5 and 17% to study the effect of increasing amounts of zwitterionic structures and crosslinks in the network. Furthermore, two different spacer lengths were introduced between the heteroatoms carrying the charges in the side-chains. Three ionic polymers with a shorter C3-spacer were synthesized containing 3-((2-(methacryloyloxy)ethyl) dimethylammonium) propane sulfonate (MAPS); moreover, 3-((2-(methacryloyloxy)ethyl) dimethylammonium) butane sulfonate (MABS) was utilized to separate the heteroatoms with a C4 spacer in three additional ionic copolymers. An overview of the synthetic route is given in Schemes 1 and 2.
For the synthesis of the zwitterionic polymers, a polymerization strategy based on butyl methacrylate (BMA) and dimethylamino ethyl methacrylate (DMAEMA) was chosen. Thus, it is possible to synthesize two types of zwitterionic copolymers from one batch of neutral polymer precursors, which enables good comparability because the molar mass and the dispersity are as close as possible.
Synthesis and characterization of the copolymers P1 through P3
The synthesis of the neutral copolymers P1 through P3 was achieved by reversible addition-fragmentation chain transfer (RAFT) polymerization of BMA and DMAEMA in dimethylformamide (DMF) with AIBN as the initiator. The RAFT method was utilized to perform a controlled polymerization process resulting in a low dispersity and controlled molar masses 52 . The detailed reaction procedures are given in the Supporting Information (SI). After purification via dialysis in acetone, the resulting copolymers were characterized by nuclear magnetic resonance (NMR)-spectroscopy and size exclusion chromatography (SEC). The ratio of the monomers in the polymers was calculated from the NMR signals of the corresponding OCH 2 and NCH 2 signals, respectively (see Table 1 ). The results are in good agreement with the monomer ratios utilized in the polymerization reactions. A comparison of the molar masses of the copolymers indicates a decreasing molar mass with increasing DMAEMA content while maintaining the same reaction conditions, such as initiator ratio and chain transfer agent content. The molar masses (M n ) ranged from 11,800 g/mol for P3 to 16,000 g/mol for P1 (see Table 1 ).
Synthesis and characterization of the zwitterionic copolymers Z1 through Z6
To prepare the zwitterionic copolymers, a straightforward synthesis route starting from P1 through P3 was chosen (for a detailed description, see the SI). The content of the ionic groups was calculated from the NMR ratios, as shown in Table 1 .
The polymers were stirred for four days with the sultone in tetrahydrofurane (THF) until completion of the reaction (according to NMR). The 1 H NMR signals of DMAEMA in the starting materials (NCH 2 and N(CH 3 ) 2 ) were utilized as an indicator for the reaction conversion since the signals shift downfield after quaternization (from 2.6 ppm to 3.3 ppm). The reaction with 1,4-butanesultone (Z4 through Z6) requires higher temperatures compared to the synthesis of MAPS (Z1 through Z3) due to the lower reactivity. As a result of the large batch reactions that were required for further characterization, all products were purified through dialysis. Scheme 1 Schematic representation of the synthesis of the neutral polymers P1 to P3 as precursors for the zwitterionic networks.
Scheme 2 Schematic representation of the synthesis of the zwitterionic copolymers P(BMA-co-MAPS) Z1 through Z3 and P(BMA-co-MABS) Z4 through Z6.
Differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA)
For the designated application as self-healing materials, a detailed investigation of the thermal properties of the polymers is essential. Thus, the thermal stability was analyzed by TGA. The results showed that all neutral copolymers and zwitterionic copolymers are temperature stable up to 200°C and higher. The exact values and TGA curves for the decomposition temperatures (T d ) are given in the SI. A healing and processing temperature of up to 150°C is well suited for this type of polymer. As described earlier, the content of ionic groups and the corresponding crosslinking density in the polymer network has an influence on the thermal behavior and the glass transition temperature (T g ). For the healing process to occur in a polymer, a certain physical flow of the material is required. The glass transition can be utilized to increase the mobility in the polymer because temperature is a suitable trigger for the reversible ionic interactions in self-healing ionomers. Therefore, DSC measurements were performed to evaluate the effect of the chemical structure of the polymer on the physical properties and to further estimate the environmental conditions, which are required to process and heal the polymers. A summary of the results of the DSC measurements is depicted in Fig. 1 . Additionally, all curves can be found in the SI. The copolymers and ionomers show large differences in their T g -values, and some trends can be elucidated. First, the neutral copolymers show a decreasing T g with increasing DMAEMA content. P1, which has the lowest comonomer content, features a T g close to the theoretical value of the PBMA homopolymer, whereas samples P2 and P3 have a lower T g 53 . In this case, the functional moiety can be considered as a softener in the material. However, with the ionomers, a higher content of ionic groups leads to more crosslinks through ionic interactions in the network and to a higher T g -value, which was also observed for other polymethacrylates containing zwitterionic comonomers 54 . For the highest content of the comonomers, the MABS-containing copolymers exhibited the highest T g -value due to the higher dipole moment of the monomer with the butyl spacer compared to that with the propyl spacer 55, 56 . No melting point was found for any of the samples described.
Vickers hardness
One of the benefits of ionomeric polymer systems is their good mechanical performance and stability at room temperature. The Vickers hardness test represents a very potent measurement method to evaluate the mechanical resistance of polymer surfaces 57 . For this measurement, a special square-based pyramidal diamond indenter is utilized, which exerts a certain amount of normal force (F) on the surface of the polymers over a certain amount of time; in this case, the force was 0.1 N with a holding time of 30 s. Subsequently, the residual imprint on the surface was analyzed with a microscope to determine the average length of the diagonal of the square (d). The Vickers hardness number (HV) can be calculated with the following formula (k = constant depending on the indenter geometry) 58 :
The samples were tested ten times each, and the average Vickers hardness was utilized hereinafter for conclusions. A detailed description of the measurement can be found in the SI, and a summary is depicted in Fig. 2 . Consistent with the DSC results, one can identify similar trends for the hardness of the polymers and ionomers. The neutral copolymers P1 through P3 exhibited the lowest hardness between 2.2 and 1.4 with decreasing hardness at higher DMAEMA-monomer contents; this trend was also 21 15 10 Polymer Fig. 1 Summary of the glass transition temperatures for all copolymers and zwitterionic copolymers. The T g for P3 is estimated; the T g could not be calculated directly from the DSC curve (see the SI). The corresponding ionomers (Z), which were prepared from the neutral polymers (P) are given in the round parenthesis. According to the NMR spectra of the polyzwitterions, full conversion was reached for the functionalization reactions and, thus, the ionic content of the ionomers Z1 to Z6 is equal to the monomer ratios found for the corresponding neutral polymers in this table observed for the T g -value. Significantly higher hardness values can be found for the ionomers. As expected, the increasing ionic nature of the network leads to higher hardness for both types of zwitterionic polymers. Furthermore, samples Z4 through Z6 containing MABS as a functional unit exhibited a slightly higher hardness than the corresponding zwitterionic copolymer Z1 through Z3 with the same content of MAPS, which is presumably due to the higher dipole moment of the MABS (see the thermal properties). Thus, the mechanical performance of the material can be conveniently adjusted by the number of functional moieties introduced into the polymer structure.
Rheology
The viscoelastic properties of the polymers and polyzwitterions were determined by rheological investigations and dynamic mechanical analysis (DMA). For this purpose, test specimens of each polymer were fabricated. Such specimens are conventionally prepared by direct polymerization of a monomer bulk mixture in the designated mold. However, in this particular case, this method is not applicable due to the solution polymerization and the postmodification of the polymers. Furthermore, we wanted to ensure good comparability by utilizing the same batch of polymer for each specimen. An advantage of ionomers compared to other crosslinked polymers is the good processability at elevated temperatures 18 . Consequently, a tailor-made hot press mold was utilized to prepare specimens with a size of 30 × 10 mm and a thickness of 2 to 4 mm. The polymers were filled in the mold and annealed at the required temperature (between 80 and 130°C). Subsequently, the polymers were hotpressed with a load of 1.5 t for 5 min to ensure a bubbleand defect-free specimen. A solid rectangular fixture system (SRF) was utilized in the DMA measurements. The details of the measurements and the resulting curves are described and depicted in the SI. The polymers P1 through P3 show typical behavior of amorphous noncrosslinked polymers. At room temperature, the storage modulus (G') is approximately one magnitude higher than the loss modulus (G''), which indicates mainly elastic behavior. A crossover of G' and G'' between 36 and 53°C indicates a change in the viscoelastic behavior for the neutral polymers towards increasing viscous behavior. These results are in good agreement with the observations made during hot pressing. At~80°C, the polymers are already soft and can be pressed into the desired shape. Complementing the findings, the complex viscosity (η*) in the same area decreases. The decrease in G' is less prominent and steep for the zwitterionic copolymers Z1 through Z3. The polyzwitterions with the longer spacer in the side-chains (Z4 to Z6) have a notably larger gap between G' and G'' at low temperatures. This finding indicates an even higher elastic share of the viscoelastic behavior. As expected, the area of elastic behavior (before the intersection of the curves of G' and G'') is larger for all ionomers compared to that of the corresponding neutral polymers. The crossover of the neutral polymers is below 52°C, whereas the ionomers show intersection points over 96°C, in which the highest values are found for ionomers Z4 through Z6 (see Fig. 3 ); these findings correlate to the thermal properties and the hardness values.
The deformation behavior of polymers at a certain temperature is of great importance for further rheological investigations and is characterized by the nondestructive deformation limit, which is also referred to as the linear viscoelastic (LVE) region. In this area, the sample can be deformed without permanent destruction of the mechanical integrity. The LVE region is determined by amplitude tests, in which the shear deformation is increased at constant temperature and frequency. For this purpose, the polymers P1, P2, Z1, and Z5 were measured at room temperature and at 50°C. The LVE region is defined by the area of constant G' and G'' until the first drop. The neutral copolymer P1 is stable until a deformation of 0.1% at 25°C. All other tested samples (P2, Z1, and Z5) show an LVE region up to 0.3 to 0.5% at room temperature. The first drop indicates mechanical damage due to the deformation in the polymer matrix. A steep drop in G' generally indicates brittle fracture behavior, which can be observed for all samples tested at room temperature and is consistent with the observations from the processing of the polymers and ionomers. However, at 50°C, the LVE region extends for all measurements to γ of 1%, and the samples show less brittleness. Therefore, hereinafter, it is possible to carry out frequency sweep tests at γ = 0.1% without concern for fracture of the specimen. Based on the results of the temperature sweeps, the frequency sweeps were performed at 100°C. Supramolecular polymer networks usually show a crossover of G' and G'' in the frequency sweep 34, 59, 60 . The crossover is related to the dynamic nature of the interactions in the material. In agreement with the considerations, a crossover at~1 Hz was found for the zwitterionic copolymers Z1 through Z4. At low frequencies, the viscous share of the viscoelastic behavior prevails, whereas after the crossover, the storage modulus dominates. For a polymer with permanent crosslinking, the storage modulus G' would dominate G'' over the whole range of frequencies. This behavior can be found for Z5 and Z6 at 100°C because the polymers are rigid and the intersection of G' and G'' in the temperature sweeps is much higher at 139 and 148°C, respectively. The results complement the findings from the self-healing study in the following section because Z5 and Z6 show the lowest healing efficiencies. In addition, the overall storage modulus of the ionomers increases with increasing ionic groups and crosslinking density.
Self-healing studies
The quantitative evaluation of the self-healing ability of polymers has been a challenge since the beginning of research on healable materials. Thus, several definitions of healing efficiency are common depending on the damage type, the utilized trigger, the external conditions and the healing process itself 61, 62 .
Mechanically tough polymers, which are able to heal damage, are particularly suitable for coatings and adjacent applications. Thus, scratch-healing tests are naturally very important studies for such materials. In most cases, the evaluation of the healing is performed by optical analysis of the microscopy images or calculation of the damaged surface area before and after the healing process 63 .
However, the quantification of the healing efficiency is much more complex. Ideally, the volume of a scratch rather than the surface area should be calculated. In many cases, the analysis and calculation of scratch volumes by optical microscopy is not feasible due to the limited reflection of the light from the inner walls of the scratches. Very small defects on flat surfaces can be investigated by atomic force microscopy 64, 65 . In this work, we present a new method for the controlled and reproducible introduction of scratches on surfaces and the imaging and quantification of the same scratches through tactile measurements. In this manner, more complex damage behavior can also be studied, which can also be a result of "reallife" damage, e.g., fish-scale pattern formation (a pattern, which is common in scratch maps of polymers) 66, 67 .
For this purpose, hot-pressed ionomer specimens were embedded in an epoxy resin matrix before the surface was ground and polished. A detailed description of the process is given in the SI. The samples were scratched over a length of 2500 µm with a diamond indenter and imaged utilizing an MST 3 scratch tester from Anton Paar. Subsequently, the samples were turned 90°, and the surface profile was measured with a low-contact force of 5 mN along the full length of the scratch (160 profiles every 20 µm). The data set was then compiled into a 3D image of the surface, and the volume below the original surface was calculated after baseline correction utilizing the undamaged surrounding surface. This measurement was repeated after each healing step. The resulting volumes of the initial scratched surface (V I ) and the healed surface (V H ) were the basis for calculating the healing efficiencies.
All ionomers Z1 through Z6 were scratched and imaged by the same program to allow good comparability of the healing behavior (see Table 2 ). The detailed parameters can be found in the SI. After scratching the surfaces, the samples were healed at 120°C for 2 h and then for an additional 4 h. The volume of the residual scratch was calculated after every healing step. Additional healing experiments at 55°C for the neutral copolymers P1 through P3 can be found in the SI. The temperature was chosen according to the results of the crossover of G' and G'' in the temperature sweeps. The neutral polymers exhibited much worse healing performance than the zwitterionic structures. However, it should be noted that a fair comparison between these neutral polymers and the supramolecular ionomer networks is difficult because the mechanical and thermal properties are very different. The healing tests revealed significant differences between the tested zwitterionic polymers. After the first 2 h at 120°C, the ionomers Z1 through Z3 (with the short spacer (MAPS) between the positive and the negative charge) showed a healing efficiency above 60%. In this case, a higher ionic content led to increased healing efficiency up to nearly complete healing for Z3 (98%). After a total healing time of 6 h at 120°C, all three samples could increase the efficiency even further. Z2 exhibited the lowest healing ability of the three at 80%. Optical images of a scratch and the healed surface and the 3D-plotted surface for Z1 are depicted in Figs. 4 and 5, respectively.
However, the corresponding ionomers with the longer spacer (MABS) Z4, Z5, and Z6, were only able to heal up to 24% of the scratch after 2 h. In contrast to the other MAPS-based ionomers, these materials show a decreased healing efficiency with more ionic groups within the structure, which also correlates with the previously discussed thermal and mechanical properties. The polyzwitterion Z6 healed 13% after 2 h at the tested healing conditions. After four additional hours at 120°C, only Z4 was able to heal the damage with an efficiency up to 89%. The samples Z5 and Z6, which contain a much higher content of crosslinks within their structure than Z4, did not exceed an efficiency of 49% (Z5) and 35% (Z6). Based on the theoretical concept of ionomers, the higher ionic group content decreases the mobility within the material due to the extended areas of physical crosslinks, thereby limiting the elastic responsiveness of the polymers even at elevated temperatures 24 . The results are complemented by the frequency sweeps of rheological measurements, as discussed earlier. For these types of polymers, a higher healing temperature is expected to be beneficial. However, within the scope of this work, 120°C was found to be the optimal healing temperature to compare the synthesized ionomers and to identify structural property dependencies. On the basis of the results, a clear influence of the chemical structure on the mechanical properties and the healing behavior was determined. The incorporation of zwitterionic side-chains increased the mechanical stability and the T g -value in comparison to the corresponding neutral polymers due to supramolecular crosslinking. Furthermore, the ionic group content was responsible for the rigidity in the material. A higher content was favorable for the mechanical stability of the polymer network. Even more interesting were the differences between the two tested functional moieties MAPS and MABS. The chain extension by one CH 2 unit led to different mechanical, thermal and viscoelastic properties. The longer C4-linker increased the T g -values and the Vickers hardness compared to the shorter C3-linker. However, the higher rigidity apparently was unfavorable for healing efficiency. The ionomers Z4, Z5, and Z6 all exhibited worse healing behavior than Z1 through Z3 in relation to the performed scratch-healing tests. However, the healing efficiency was always dependent on the healing conditions. The investigated structure-property relations can be utilized to design tailor-made zwitterionic copolymers for selfhealing applications at different temperatures and in varying timeframes.
Conclusions
The series of new ionomers presented in this work contain two different functional zwitterionic side groups (MAPS and MABS) with varying content. The straightforward synthesis enabled a good comparability of the six ionomers and the identification of structure-property relationships. The thermal properties showed that the T g -value was clearly dependent on the functional group content in the polymer networks. Moreover, the Vickers hardness behaves in a similar way and supports the results. The materials were further investigated by rheological studies to determine the viscoelastic behavior. The elastic share of this behavior at the tested temperatures increased with higher ionic content and longer chain length of the spacer. This behavior had a direct influence on the self-healing properties and enabled the preparation of tailor-made ionomers for predetermined healing conditions and applications. To establish a quantifiable and reliable scratch-healing evaluation method, the polymer specimens were hot-pressed, embedded into epoxy resin and scratched with a Rockwell indenter on a microscratch tester. Subsequently, the damaged surfaces were measured with tactile profile scans, which enabled the investigation of more complex patterns and the calculation of the scratch volume. The process was repeated after the healing process, through which a healing efficiency could be calculated. The ionomers Z1 through Z3 containing the MAPS group exhibited better healing behavior at 120°C than the MABS-containing polymer networks. For the latter, a clear influence of the ionic content was identified. The established scratch test method offers a new possibility to determine trends and tendencies for self-healing polymers in relation to their structure and is in good agreement with the investigation of the mechanical and viscoelastic properties. This method can be extended to other self-healing materials for surface applications and allows reproducible scratching and healing efficiency quantification.
